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Abstract: Cardiovascular diseases are closely related to structural blood capillaries lesions. 
Herein, microscopic investigations of mouse blood capillaries were performed at multiple 
spatial resolution by using synchrotron X-ray in-line phase contrast tomography and scanning 
transmission X-ray microscopy (STXM). The chemically fixed blood capillaries without any 
contrast agents were selected. For the first time, a periodic bamboo-shaped structure was 
observed at nanoscale resolution by STXM, and the three-dimensional tomographic slices at 
sub-micrometer resolution further confirmed the periodic wave profile of the blood 
capillaries. Then, a periodic microstructural model was suggested based on the microscopic 
images. By using high-performance imaging techniques, this work provides a better 
understanding of the relationship between the structure and function of blood capillaries, will 
be helpful in elucidating the causes of cardiovascular system diseases. 
© 2017 Optical Society of America under the terms of the OSA Open Access Publishing Agreement 
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1. Introduction 
Blood capillaries are the most widely distributed vessels in the human body. Without 
capillaries substance exchange between blood and tissues is impossible. More importantly, 
vessel lesions especially that of capillaries are closely related to cardiovascular disease 
development. For example, the common microvascular lesions caused by diabetes can 
damage multiple target organs, including the retina, kidney and myocardium [1]. The 
distortion of blood capillaries can lead to myocardial ischemia in hypertensive 
cardiomyopathy [2]. The generation and deterioration of solid tumors is directly related to 
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tumor vasculature [3–5], leading to the development of antiangiogenic therapies [6, 7]. 
Therefore, to view the blood vessels straightforwardly is crucial to understanding the related 
mechanisms. Yet the small size of blood capillaries make it difficult to perform microscopic 
structural analysis. 

In recent years, increasing types of biological samples have been studied by various X-ray 
microscopies, such as phase contrast micro-tomography and zone plate based scanning/full-
field transmission X-ray microscopy. The microscopies can perform structural analysis at 
high resolution without destroy the tested samples owe to the strong penetration power and 
short wavelength of X-rays [8–12]. Especially with the development of synchrotron radiation 
light sources worldwide, X-ray microscopies show broader biological applications. To realize 
sub-micrometer resolution structures of blood capillaries, phase contrast X-ray tomography is 
a good choice. The advantage of phase-contrast X-ray tomography is the high phase contrast 
to low-Z materials such as biological tissues compared with that of conventional absorption-
based imaging techniques [13]. Phase contrast techniques are based on the Fresnel diffraction 
theory, whereby tiny density differences can cause obvious phase variations during X-ray 
propagation [14–16]. Among different phase contrast imaging techniques, the in-line phase 
contrast method renders high quality three-dimensional images with lower complexity [15–
18]. With the aid of the high phase contrast sensitivity of X-rays, mass regions of dense lipid 
and muscle were identified in macroscopic coronary arteries containing atherosclerotic 
plaques [19]. 

Owing to the minimal size of blood capillaries, higher resolution studies are necessary to 
recognize internal structures [20]. Soft X-rays (0.1~2 keV) are less penetrating but more 
easily focused using a zone plate than hard X-rays [21]. Due to focusing element advances, 
the focused soft X-ray spot has been narrowed to 30~50 nm. Thus, scanning transmission soft 
X-ray microscopy (STXM) has gained substantial attention due to the higher resolution [22–
25]. STXM has recently shown broad applications in various fields, such as energy science, 
materials science, especially in biological science for cellular imaging [22, 26–28]. 

In this paper, for the first time, we investigated the microstructure of blood capillaries near 
the mouse aorta by using synchrotron X-ray microscopy at multiple spatial resolutions non-
destructively. A periodic bamboo-shaped microstructure was observed by using both hard X-
ray in-line phase contrast tomography and scanning transmission soft X-ray microscopy 
(STXM). The study realized the microscopic analysis of blood capillaries, and provided a 
better understanding of the relationship between the structure and function. 

2. Materials and methods 

2.1 Blood capillaries collection 

The experimental protocol conformed to the National Institutes of Health Guide for the Care 
and Use of Laboratory Animals. Blood capillaries were obtained from three mice. The aorta 
of the mouse, including abundant blood capillaries from the aortic arch to crotch of the iliac 
artery, was collected 24 h after sacrifice and fixed in 4% formalin for 48 h. Then, the vessels 
were immersed in water for 30 min, followed by treatment with 70% ethanol 12 hours, 80% 
ethanol for 1 h, 90% ethanol for 1 h, 95% ethanol for 1 h, 100% ethanol for 30 min and 
another solution of 100% ethanol for 30 min. At last the blood capillaries were dried under 
vacuum condition. 

2.2 Scanning transmission soft X-ray microscopy (STXM) 

The STXM experiment was performed at the 08U1A beamline of Shanghai Synchrotron 
Radiation Facility (SSRF) (Fig. 1). Monochromatic soft X-rays at a specific energy were 
selected and then focused to a spot by the zone plate (ZP). The stray high order diffraction 
light of ZP were filtered out by an order-sorting aperture. Then the X-rays transmitted the 
sample were recorded by a photomultiplier tube. By raster scanning horizontally and 
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vertically of a piezoelectric sample stage with nanometer precision, 2D projection images 
formed. 

 

Fig. 1. Schematic diagram of soft X-ray transmission microscopy (STXM). 

Considering the thickness of blood capillaries and X-ray flux, 1.6 keV monochromatic X-
rays were selected. The blood capillary was fixed on a 30-nm-thick silicon nitride membrane. 
The membrane was then stick to a sample holder. The sample holder was inserted onto the 
piezoelectric stage. Both the X-ray spot and the scanning step were set to 50 nm. The 
exposure time was adjusted to 4 ms. The total time for a projection is about 20 minutes. The 
projection was normalized by using Beer–Lambert law, and the absorption coefficient was 
achieved. 

2.3 In-line phase contrast X-ray tomography 

The experiment was performed at the X-ray imaging and biomedical application beamline 
(BL13W1) of SSRF (Fig. 2). Monochromatic X-rays with a specific energy were selected 
from white light X-rays using the monochromator. A slit was inserted into the light path to 
control the field of view. The distance between the sample and CCD detector was determined 
by both image contrast and Fresnel diffraction theory. When X-ray beams travelled through 
the sample, the downstream beams carried the absorption and phase shift information. After 
propagating specific distance, the phase-shifts in the downstream beams are transformed into 
measurable intensity variations by Fresnel diffraction. The CCD detector was used to record 
2D projections at different angles when the sample rotated from 0° to 180°. 

 

Fig. 2. Schematic diagram of in-line phase contrast X-ray microscopy. 

In the experiment, to make the best of in-line phase contrast imaging and obtain a high 
signal-to-noise ratio, the distance of the sample to CCD detector was adjusted to 15 cm, and 
the exposure time was set to 8 s for one projection with X-ray energy of 12 keV. A CCD 
detector with a maximum display resolution of 2048 × 2048 pixels was used to collect 
projections at 0.65 μm pixel resolution. Before the image acquisition, a calibration process 
was strictly performed to make the sample rotating platform axis parallel to the CCD camera. 
The detector collected 1200 projection images from 0° to 180° with a 0.15° rotation interval. 
The experimental parameters were determined by taking into account the size of the sample, 
radiation damage, experimental time and the detector pixel size at the same time [10, 15-16]. 
Two flat images without sample in beam path were collected every 200 projections used to 
calibrate the background. At last, 5 dark images, without X-rays in the beam path, were 
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recorded to eliminate the CCD dark noises. The total time of the data acquisition was 12600 s. 
During the experiment all samples were chemically fixed and dehydrated. The pre-
preparation of samples make ultra-structures stable under irradiation. Moreover, high energy 
X-rays (12 keV) was used in the experiment. Owe to the high penetration power, most X-rays 
passed through the samples, rather than were absorbed. The absorbed doses was limited to 
minimum, and there was no radiation damages observed. 

The tomographic reconstruction, including background correction, rotating axis position 
correction, and filtered back projection (FBP) reconstruction, were carried out by a CT 
software compiled by the BL13W1 station [29, 30]. A Shepp-Logan filter was used. 
Reconstruction of a tomographic slice (1400 × 1400 pixels) takes about 0.6 s using a HP 
Z800 workstation (Dual Intel Xeon X5675 3.07 Hz). The projections were directly 
reconstructed without phase retrievals. In this case the intensity corresponds to the second 
derivative of the refractive index, showing the effect of edge enhancement, by which the 
characteristic microstructures with obvious boundaries can be visualized. Subsequently, the 
three-dimensional images of the sample were visualized with Amira software. 

 

Fig. 3. 2D images of three different blood capillaries observed by different methods at various 
spatial resolutions. (A) In-line phase contrast X-ray radiography. The red rectangle labels a 
small section used for line scan analysis. (B) Optical image. (C)STXM image. (D) The line 
scan of the region labelled in the red rectangle. 
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3. Results and discussion

3.1 Two-dimensional structural analysis at nanoscale resolution 

A periodic bamboo-shaped structure of blood capillaries from different mice was observed 
using in-line phase contrast X-ray radiography (Fig. 3(a)), transmission optical microscopy 
(Fig. 3(b)), and soft X-ray scanning transmission microscopy (Fig. 3(c)). The diameter of the 
capillaries were 20 μm (Fig. 3(a)), 12.5 μm (Fig. 3(b)), and 8 μm (Fig. 3(c)) respectively. The 
periodic structures can be observed roughly in optical image (B) while clear in the in-line 
phase contrast X-ray radiography. A line scan (Fig. 3(d)) was used to analyse the periodic 
profile (Fig. 3(a)). The periodic blue regions are similar to shape of “windows” whose width 
and length are ~4 μm and 12 μm (Fig. 3(a)). Notably, in comparison with the other two 
imaging methods, STXM provides more precise images with 50 nm pixel resolution (Fig. 
3(c)). In addition, we calculated the resolution by using the power spectral density (PSD) 
(Fig. 4). Noises brought by the fluctuation of X-rays or instability of detector decreased the 
cut-off frequency to be 13.15 μm−1, and the responding spatial resolution in real space was 
approximately 76 nm. In theory, single cells could be resolved in the capillaries at the 
nanoscale resolution. But here only continuous structures were observed. This maybe owe to 
that the capillaries were chemical fixed and the structures were changed during the process. In 
this case for smaller capillaries the fine structures indicated that the window edges were not 
straight but rough. The width and length of the periodic structures are roughly ~2 μm and 4 
μm (Fig. 3(c)). These fine structures could not be observed clearly in the optical images and 
in-line phase contrast X-ray radiography. Compared with the capillary thickness, the 
“window” length represents the inner diameter of the blood channel, the blood channels have 
different occupancy levels ranging from 40% to 60% in different blood capillaries. 

Fig. 4. The power spectral density (PSD) reveals that the STXM resolution was ~76 nm. 

3.2 Three-dimensional microstructural analysis 

Two-dimensional projection image is the result of overlapping layers from the X-ray 
transmission between the source and the detector. Thus three-dimensional reconstruction is 
necessary to directly observe the internal structures. 3D tomographic reconstruction provide 
the internal structures, and could realize the data analyse slice by slice (Fig. 5). A 3D movie 
of micro-CT as supplementary materials (see Visualization 1) is supplied to understand the 
structure. A virtual cross-section can be extracted non-destructively from the 3D images (Fig. 
5(a), 5(b)).Figure 5(c) illustrates the details of the extracted blood capillary, and the profile of 
high densities was depicted by red curves. A numerical model was suggested based on the 
phase contrast tomographic virtual slice (Fig. 5(c)) and 2D STXM images (Fig. 3(c)). As 
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shown in Fig. 5(d), the original model abstracted from a tomographic slice (Fig. 5(c)) is so 
rough that the periodic structures were hardly recognized. Phase contrast microscopy, which 
is limited by the resolution, only provides the rough frame. Then the model was further 
modified with the help of STXM images (Fig. 3(c)) and the final model was achieved. Based 
on the morphology of the capillary, the periodic structure model was suggested (Fig. 5(d)). 
Externally, it appears as a wave shape. Inside of the capillary, blood flows through the 
channel at an uneven width. Because the blood capillary is not straight, not all of the slices 
cut along the thickest position of the blood capillary. Hence, some positions appear upright 
with many truncations. 

 

Fig. 5. (A) 3D rendering of a blood capillary (see Visualization 1). (B) A virtual slice extracted 
from the 3D image. (C) Zoomed-in view of the blood capillary. The red curve was plotted 
along its profile. (D) The contour and periodic structure model suggested. 

3.3 Structure-function relationship and potential mechanism analysis 

Because of the oxygen and energy demands of millions and millions of cells or tissues, blood 
capillaries are the most widely distributed vessels in mammals. Unlike a smooth surface, a 
wavy surface increases the surface area between blood and capillaries, and the increased 
surface area improves the efficiency of substance exchange between blood and tissues. 

In this study, we performed the structural analysis of different capillaries at multiscale 
resolution by using phase contrast X-ray tomography and STXM. By analysing the structure 
of capillaries from micron to nanoscale resolution, we suggested a numerical model. 
According to the model (Fig. 6), an approximate value R that represents the increased rate of 
substance exchange can be calculated by the following equations: 

 1 1
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in which R1 and R2 represent the external (Fig. 6(a)) and internal (Fig. 6(b)) substance 
exchange rates; L1 and L2 represent the external arc and internal arc; l1 (4 µm) and l2 (2.5 µm) 
represent the external and internal chord; and d (0.75 µm) represents the internal straight 
length. According to the basic geometric calculation, the increased rate of substance exchange 
R was calculated as 17.2%. 

The substance exchange rate will increase based on geometric calculations. But this 
structural trait might include hidden dangers. The uneven or wave profile inside a blood 
capillary might easily cause blockage when high blood fat levels are present. Most 
cardiovascular diseases are closely related to the blood vessel lesions. However, structural 
analysis of blood capillaries at sub-micrometre resolution is quite difficult and seldom 
reported. The periodic bamboo-shaped structure provides a better understanding of the 
relationship between the structure and function. Moreover, the capillaries in the study were 
chemical fixed and further studies of capillaries in the native state will be performed later. 

 

Fig. 6. (A) Outside surface of wave structure. L1, arc length; r, radius; l1 chord length. The 
central angle is 60°. (B) Inside surface of wave structure. L2, arc length; l2, chord length; d, 
straight length of the capillary. The central angle is ~120°. 

Herein the cutting-edge imaging techniques at synchrotron facilities, i.e. phase contrast X-
ray tomography and STXM, were applied to study the multiply-scale structures of mouse 
blood capillaries at microscale to nanoscale resolution. Phase contrast microscopy is based on 
the phase shift of X-ray. For low-Z materials such as soft tissues imaged with high energy X-
ray, phase variations can be two to three orders of magnitude larger than the absorption ones, 
and increased image contrast can be achieved [15, 16]. We used in-line phase contrast X-ray 
tomography, the simplest and the most straightforward among all types of the phase contrast 
microscopy, to noninvasively investigate the external morphology and internal 
microstructures of capillaries. By taking advantage of the effect of edge enhancement, 3D 
fine structures of the blood capillaries were achieved non-destructively. Traditionally, the 
microstructures can be achieved by histological section, in which serial sections are stained 
and observed by light microscopy or scanning and transmission electron microscopy. 
However, the anatomical approaches are destructive and time consuming, making 
measurements of large numbers of samples impractical. This work exhibited high efficiency, 
high precision, and wide potential applications of synchrotron X-ray phase contrast 
tomography in non-destructive investigation of biology. Using STXM, we performed 
structural analysis of blood capillaries at ~76 nm resolution. In this case, more structural 
details that are difficulty to observe in phase contrast microscopy at micron resolution were 
observed. However, with higher spatial resolution and lower penetration depth of soft X-ray 
used, the sample size was limited. The diameter of capillaries in STXM is less than 10 µm 
while 20-30 µm even larger in phase contrast microscopy. 
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By combining the two X-ray microscopies, microstructures of biological specimens were 
achieved efficiently and precisely from microscale to nanoscale resolution. The multiple scale 
approach points to the future of the X-ray imaging, which shows broader applications in 
biology. 

4. Conclusions 
In summary, microscopic investigations of mouse blood capillaries were performed at 
multiple spatial resolution by using synchrotron X-ray in-line phase contrast tomography and 
scanning transmission X-ray microscopy. For the first time, the periodic structure of the 
capillaries with the wave profile was observed, and a model was suggested based on 
microscopic images. The model imply that the wave profile of the blood capillary increases 
the efficiency of substance exchange. 
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